Bone mass accrual is a major determinant of skeletal mass, governed by bone remodeling, which consists of bone resorption by osteoclasts and bone formation by osteoblasts. Bone mass accrual is inhibited by sympathetic signaling centrally regulated through activation of receptors for serotonin, leptin, and ACh. However, skeletal activity of the parasympathetic nervous system (PSNS) has not been reported at the bone level. Here we report skeletal immune-positive fibers for the PSNS marker vesicular ACh transporter (VAChT). Pseudorabies virus inoculated into the distal femoral metaphysis is identifiable in the sacral intermediolateral cell column and central autonomic nucleus, demonstrating PSNS femoral innervation originating in the spinal cord. The PSNS neurotransmitter ACh targets nicotinic (nAChRs), but not muscarinic receptors in bone cells, affecting mainly osteoclasts. nAChR agonists up-regulate osteoclast apoptosis and restrain bone resorption. Mice deficient of the α 2 nAChR subunit have increased bone resorption and low bone mass. Silencing of the IL-1 receptor signaling in the central nervous system by brain-specific overexpression of the human IL-1 receptor antagonist (hIL1ra Ast +/+ mice) leads to very low skeletal VAChT expression and ACh levels. These mice also exhibit increased bone resorption and low bone mass. In WT but not in hIL1ra Ast +/+ mice, the cholinergic ACh esterase inhibitor pyridostigmine increases ACh levels and bone mass apparently by inhibiting bone resorption. Taken together, these results identify a previously unexplored key central IL-1-parasympathetic-bone axis that antagonizes the skeletal sympathetic tone, thus potently favoring bone mass accrual.
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autonomic nervous system | postnatal skeletal development I n vertebrates, bone mass is the major factor affecting skeletal strength. Bone mass is determined by a continuous remodeling process consisting of bone resorption by osteoclasts and bone formation by osteoblasts. Skeletal remodeling during bone mass accrual in early life favors bone formation. Age-related bone loss results from a net increase in bone resorption (1) . Bone mass is regulated by an intricate system including central cues, so far shown to be transmitted mainly via the sympathetic nervous system (SNS), which tonically restrains bone formation and stimulates bone resorption, thus downregulating bone mass accrual (2, 3) . Increased sympathetic output mediates low bone mass in depression (4), whereas decreased skeletal sympathetic signaling mediates traumatic brain injury-induced increase in bone formation (5) .
In most biological systems (e.g., heart, eye pupil, digestive track, glucose metabolism, and exocrine glands) the SNS is antagonized or complemented by the parasympathetic nervous system (PSNS) (6) (7) (8) (9) (10) . These two arms of the autonomic nervous system traverse distinct anatomical routes. Preganglionic cells of the SNS extend from the first thoracic spinal segment to the third lumbar segment. The cell bodies of these neurons are found within the spinal cord, primarily within the intermediolateral gray matter (11) . The preganglionic neurons of the PSNS that innervate the rostral part of the body project parasympathetic cranial nerves originating from the brainstem. Sacral preganglionic neurons, which innervate the caudal part of the body, occupy the central autonomic nuclei and the sacral extention of the intermediolateral column (11) .
The main neurotransmitter in use by the SNS is norepinephrine, whereas that of the PSNS is ACh, the first identified neurotransmitter (12) . ACh is biosynthesized in presynaptic neurons by acetylation of choline, a process catalyzed by choline acetyltransferase (13) . For release into the synaptic space, ACh is packaged in presynaptic vesicles through the action of another enzyme, vesicular ACh transporter (VAChT). The concentration of VAChT increases progressively with proximity to the nerve terminals: it is thus considered a hallmark and a selective marker of parasympathetic innervation (14, 15) . ACh targets nicotinic ACh receptors (nAChR), which are homopentamers consisting of α-subunits and heteropentamers comprised of α-, β-, γ-, δ-, and ε-subunits. nAChR function primarily as ion channels (16) . In addition, ACh binds to and activates seven transmembrane domain muscarinic receptors (17) . Another critical component of the PSNS is ACh esterase (AChE), which is expressed by postsynaptic cells and degrades ACh, thus limiting its action (18) .
It has been shown in the central nervous system that the skeletal SNS activity is down-regulated through the activation of muscarinic receptors (19) . In addition, expression of receptors for ACh have been reported in bone cells (20) , which raises the prospect that the PSNS antagonizes or complements sympathetic activity at the bone level.
In health, central IL-1 signaling has been implicated in modulating sleep patterns (21) , learning, and memory (22) . Previously, we showed that central nervous system-targeted silencing of the IL-1 receptor by brain-specific overexpression of the human IL-1 receptor antagonist (hIL1ra Ast +/+ mice) inhibits bone mass accrual (23) . Because this activity mirrors the SNS skeletal activity, we reasoned that the PSNS communicates central IL-1 cues to the skeleton. Indeed, we show here that bone is innervated by the PSNS, leading to a positive tone, which upregulates bone mass accrual. We further demonstrate that PSNS outputs are critically regulated by central IL-1 signaling.
Results
Skeletal Parasympathetic Innervation. Because PSNS regulation has not been previously demonstrated at the bone level, we first sought to characterize the cholinergic pathway innervating the skeleton. Indeed, immunohistochemical staining of trabecular bone in the distal femoral metaphysis demonstrated VAChTpositive neuronal fibers (Fig. 1 A and B) in medullary intertrabecular spaces, mainly in the close vicinity of bony struts, oneto-three cell layers away from their surface ( Fig. 1 A and B, and Fig. S1A ). To map the central autonomic pathway controlling these neurons, retrograde transneuronal tracing was carried out using a recombinant pseudorabies virus inoculated into the distal femoral metaphysis (24) (Fig. S1B) . Virus-labeled cell bodies were identified in the intermediolateral column and central autonomic nucleus of the sacral spinal cord segment of mice and rats ( Fig. 1C and Fig. S1C ), anatomical sites restricted for parasympathetic preganglionic cell bodies. Consistent with SNS innervation of the femur (24), the intermediolateral column was also labeled at the thoracic level (Fig. S1D) , known to harbor sympathetic preganglionic cells (11) . The central autonomic nucleus was also labeled at this level (Fig. S1D) , a finding previously attributed to interneuronal pseudorabies virus infection (25, 26) . That other skeletal sites, and possibly the entire skeleton, are functionally innervated by the PSNS is suggested by the low bone mass found in lumbar vertebral bodies of young adult mice after subdiaphragmatic vagotomy (27) (Fig. S1E ).
Bone Cell Expression of Receptors for ACh. To elucidate the receptors for ACh expressed in bone cells, we screened RNA from osteoblasts, monocytes, and osteoclasts for the expression of all muscarinic receptors and nAChR subunits. Muscarinic receptors are not detectable with conventional RT-PCR. Several mRNA transcripts for neuronal and muscular type nAChR subunits are present in osteoclasts and osteoblasts ( Fig. 2A) . The most abundantly expressed subunit in osteoclasts is α 2 nAChR; notably, it is also expressed, although at a lower level, in monocytic osteoclast precursors ( Fig. 2A) . At the protein level, osteoclastic expression of the α 2 nAChR subunit is clearly detectable in osteoclasts in ex vivo cultures ( Fig. 2B ) and in vivo in bone histological sections (Fig. 2C ). The β 2 nAChR subunit is also highly expressed in osteoclasts ( Fig. 2 A and D) as well as in osteoblasts ( Fig. 2 A and E). The high affinity α 2 β 2 nAChR subtype has been reported in the central nervous system and retina (28) , and the present expression analysis suggests that it is the main subtype functional in osteoclasts.
Low Bone Mass in α 2 nAChR-Deficient Mice. Because the α 2 -and β 2 nAChR subunits can form receptor complexes (28) , and because α-subunits are essential components of nAChRs, we analyzed the skeletal phenotype of α 2 nAChR −/− mice (29) . These mice show a marked low bone mass ( Fig. 3A and Table S1 ), mainly because of a vast increase in bone resorption reflected by approximately twofold increases in the number of tartrate-resistant acid phosphatase-(TRAP) positive osteoclasts ( Fig. 3B ) and serum C-telopeptide of type I collagen level (Fig. 3C ). The α 2 nAChR gene deletion had no significant effect on bone formation (Fig. S2 ). These findings suggest that nAChRs that include the α 2 nAChRs subunit have a key role in regulating skeletal remodeling mainly through an inhibitory tone of bone resorption.
Cholinergic Signaling Inhibits Bone Resorption by Stimulating
Osteoclast Apoptosis. To elucidate the mechanism mediating the PSNS inhibition of osteoclast number we assessed the effect of the AChE-resistant cholinergic agonists carbamylcholine (CCh) and nicotine on osteoclast formation, survival, and activity in ex vivo bone marrow-derived osteoclastogenic cultures. Cholinergic activation has no effect on the overall number of or size of the osteoclasts (Fig. S3 A and B) . However, both agonists induce a marked, dose-dependent decrease in the number of intact WT but not α 2 nAChR −/− TRAP-positive osetoclasts (Fig.  4 A and B, and Fig. S3 C and E), confirming that α 2 nAChR expression is critical for the cholinergic regulation of bone resorption at the PSNS target-cell level rather than elsewhere upstream the PSNS-bone axis. The agonist-induced reduction in the number of intact WT osteoclasts is accompanied by an ∼10-fold increase in the number apoptotic osteoclasts (Fig. 4 C and D, and Fig. S3D ). This agonist effect is inhibited by the nAChR antagonist mecamylamine (30) (Fig. 4E) . Expectedly, cholinergic agonist treatment does not affect the number of α 2 nAChR −/− apoptotic osteoclasts (Fig. S3E) . Consistent with the decrease in osteoclast number and increase in apopototic-like osteoclasts, CCh induces a marked decrease in mRNA levels of the osteoclast marker gene Trap5b (Fig. 4F ) as well as in the mRNA expression of the antiapoptotic gene Bcl2L1 (Fig. 4G ). In line with the increase in apoptotic-like osteoclast number and decrease in Bcl2L1 expression, osteoclastic caspase 3 activity is increased by almost threefold by the CCh treatment (Fig. 4J) . Expression of the proapoptotic gene Bid and the extracellular matrix degrading enzyme cathepsin K are unaffected by CCh (Fig. 4 H and I) . These findings suggest that PSNS cholinergic signaling specifically stimulates osteoclast apoptosis. To assess the impact of increased osetoclast apoptosis on bone resorption we tested the effect of CCh on pit excavation in dentin slices, an ex vivo surrogate for the breakdown of mineralized matrices (31) . CCh has no effect on the number of pits (Fig. 4K) , confirming that cholinergic activity does not affect osteoclastogenesis. However, CCh induces nearly 50% reduction in pit area (Fig. 4 L and M) , suggesting that nAChR activation shortens the duration of osteoclast activity, which in turn results in reduced bone resorption.
nAChR Agonists Regulate Osteoblast Proliferation. Osteoblasts express mainly the muscular type α1-, β1-, and γ-subunits, as well as the neuronal subunits α4, α7, β2, and β4 ( Fig. 2 A and E) . As in the case of other fibroblast-like cells (32), CCh and nicotine have a biphasic effect on osetoblast proliferation, consisting of a dose-response stimulation of cell number peaking at 10 −10 M agonist concentration, followed by reversal of this stimulation at higher concentrations (Fig. S4A) , presumably because of nAChR desensitization. The stimulation is equally inhibitable by the nonspecific cholinergic antagonist mecamylamine (30) (Fig. S4B) and the muscle-type-specific nAChR antagonist tubocurarine (33) (Fig. S4C) , portraying the muscle-type nAChR as the prevailing cholinergic receptor in osteoblasts. Expression of the osteoblastic genes encoding for osterix, alkaline phosphatase, osteocalcin, osteoprotegerin, and receptor activator of NFκB ligand (RANKL) is unaffected by cholinergic stimulation (Fig. S4D) , suggesting that cholinergic agonists regulate the number of osteoblasts rather than their differentiation or activity. The absence of changes in osteoprotegerin and RANKL mRNA levels further suggests that the effect of cholinergic agonists on osteoclasts is cell autonomous and not mediated by osteoblasts.
PSNS Regulation by Central IL-1 Signaling. We have previously reported that although peripheral IL-1 is pro-osteoclastic, central IL-1 signaling increases bone mass by suppressing bone resorption, as hIL1ra Ast +/+ mice have a low bone mass phenotype, secondary to increased osteoclastic activity (23) . We confirm now that this phenotype is restricted to bone mass accrual (Fig. S5 ) and is reminiscent of the low bone mass observed in α 2 nAChR −/− mice ( Fig. 3) and following vagotomy in WT animals (Fig. S1E ). Therefore, we tested whether hIL1ra Ast +/+ mice have altered parasympathetic activity. Indeed, following β-adrenergic blockage by propranolol, which unmasks the parasympathetic cardiac contribution, the heart rate drop in these mice is significantly smaller than in WT controls (Fig. 5A ). In addition, skeletal VAChT expression is almost completely arrested in the trabecular bone of hIL1ra Ast +/+ mice (Fig. 5B ). This vast decrease in VAChT expression is apparently part of a generalized dysregulation of the PSNS, which leads to a marked decrease in bone ACh levels (Fig. 5C ). Taken together, these findings suggest that central IL-1 signaling, at least at physiological levels, is involved in regulating the PSNS. AChE, the ACh-degrading enzyme, is expressed in bone cells (Fig. S6A) . Thus, to further evaluate and establish the skeletal impact of the central IL-1-PSNS-bone axis, we tested the effect of pyridostigmine, a peripheralized AChE inhibitor (34), on the skeletocholinergic phenotype of WT and hIL1ra Ast +/+ mice during bone mass accrual. At the dosing protocol used (1 mg·kg·d) pyridostigmine does not cause nAChR desensitization because of sustained exposure to increased ligand concentration (35) . Expectedly, daily pyridostigmine administration between the ages of 5 and 11 wk stimulates bone ACh levels in WT but not in hIL1ra Ast +/+ mice (Fig. 5C ), confirming that impaired parasympathetic activity in bone is tightly linked to reduced central IL-1 signaling. In line with these data and the postvagotomy low bone mass (Fig. S1E) , pyridostigmine stimulated trabecular bone mass in WT animals but not in hIL1ra Ast +/+ mice ( Fig. 5D and Table S2 ). The low bone mass in hIL1ra Ast +/+ mice is secondary to more than doubling the number of TRAPpositive osteoclasts, with only a minor effect on bone formation, if any (Fig. 5 E and F) . As in the case of bone mass, pyridostigmine affected the number of TRAP-positive osteoclasts only in WT mice (Fig. 5E) . Like central IL-1 receptor silencing, pyridostigmine has no effect on bone formation (Fig. 5F ). In view of the biphasic ex vivo effect of nAChR agonists on osteoblast number and the difference between optimal agonist concentration in the osteoclast and osteoblast cultures (compare Fig. 4A and Fig. S4A ), these data suggest that the bone ACh concentration is optimal for restraining osteoclast number but supraoptimal for the stimulation of bone formation. 
Discussion
This study uncovers skeletal innervation by the PSNS consisting of functional cholinergic nerve fibers, production of the PSNS neurotransmitter ACh, as well as bone cell expression of ACh receptors and its rate-limiting enzyme, AChE. We provide further evidence for a previously unexplored regulation of the PSNS by central IL-1 signaling. That this IL-1-PSNS-bone axis involves the entire skeleton is suggested by the low bone mass in both axial (vertebrae) and appendicular (femora) skeletal parts of hIL1ra Ast +/+ mice and failure of pyridostigmine and ACh to induced high bone mass in these mice. As in the case of other caudal PSNS targets, such as the lower gastrointestinal tract and genitalia (11) , the PSNS innervation to the femur originates in the spinal cord, as suggested by the retrograde tracing of pseudorabies virus from this bone to the sacral intermediolateral column and central autonomic nucleus. The vagus is the cranial nerve that carries PSNS innervation to the rostral part of the trunk (11) . Therefore, the low bone mass in the lumbar vertebrae following subdiaphragmatic vagotomy suggests that, like the heart and eye, PSNS innervation of the rostral part of the skeleton is via cranial nerves. Our findings in the heart further suggest that this regulation is rather generalized involving the skeleton as well as nonskeletal tissues and organs.
Although the SNS targets primarily osteoblasts (36), our previous findings in hIL1ra Ast +/+ mice (23) and the present data suggest that osteoclast apoptosis is the main process affected by the central IL-1-PSNS-bone axis. Although this and other reports show that osteoblasts express several nAChRs subunits (37) , no significant changes in bone formation were found following central IL-1 receptor silencing or stimulation of skeletal ACh levels by pyridostigmine treatment. Although low concentrations of nAChRs agonists are mitogenic to osteoblasts, this effect is reversed by higher concentrations, shown to induce osteoclast apoptosis. It thus appears that physiologically ACh regulates only bone resorption and that the cholinergic regulation of osteoblast number becomes effective only when ACh levels are reduced in an attempt to attenuate the noradrenegic inhibition of bone formation (4) in situations such as stress, depression, and pain disorders (38) . The nAChR subunit profile demonstrated here in osteoblasts is reminiscent of previously reported expression profiles (37) . Although muscarinic receptors have been recently described in human bone samples and in in vitro osteoblast models (39), we and others were unable to show significant levels of these receptors in bone cells and their conditional deletion in osteoblasts has no skeletal effects (19) . In line with our mRNA and histochemical analyses, we show that deletion of the α 2 nAChR subunit leads to a marked low bone mass during the developmental phase of the skeleton, because of a vast increase in osteoclast number and bone resorption. We also show that the main βnAChR subunit is β 2 , thus portraying the α 2 β 2 nAChR subtype as necessary for the cholinergic antiresorptive tone. Highly relevant to the central control of the PSNS is the close similarity between the hIL1ra Ast +/+ and α 2 nAChR −/− skeletal phenotypes. ACh is released from PSNS nerve endings as well as from nonneuronal cells, thus functioning in an autocrine or paracrine manner (40) . Indeed, VAChT and choline acetyltransferase mRNAs have been reported in murine osteoblasts (41) . Therefore, ACh might act in an autocrine manner to enhance cell proliferation in bone. However, the protein level of at least VAChT is probably very low in nonneuronal bone and bone marrow cells compared with its level in PSNS neurons inasmuch as our immunohistochemical staining for VAChT failed to show positive cells other than neurons. In addition, the central IL-1 receptor silencing resulted in almost complete absence of skeletal VAChT mRNA expression and a marked reduction in bone ACh levels, stressing the predominance of neuronal-derived ACh.
The present findings add important components to the model of central control of bone mass via the autonomic nervous system (Fig. 6) . Low bone mass and osteoporosis are common comorbidities of neuropsychiatric disorders, such as depression, Alzheimer's disease, and epilepsy, which exhibit dysregulated autonomic activity, including changes in the PSNS (42) (43) (44) (45) . The present results, together with these observations and the central muscarinic stimulation of bone formation through down-regulation of the skeletal adrenergic tone (19) , suggest that the PSNS is a master regulator of bone mass. Moreover, our findings may have broader implications, as the identified IL-1-PSNS axis likely also controls the immune system, inasmuch as both central IL-1 and cholinergic signaling have anti-inflammatory activity (46, 47) . Thus, our data portray the PSNS as the missing component linking osteo-immune physiology with both central IL-1 signaling and the autonomic nervous system.
Materials and Methods
Mice. Male mice were used throughout the study. All animal experiments were approved by the Hebrew University Committee of Animal Care and Use. Mice with homozygous transgenic overexpression of the secreted human IL-1ra in astrocytes within the central nervous system (hIL1ra Ast
) and mice deficient of the α 2 nAChR subunit were reported previously (23, 29) . The latter were kindly provided by Jim Boulter, Department of Psychiatry and Biobehavioral Sciences, University of California, Los Angeles, CA).
Retrograde Transneuronal Tracing of Skeletal Autonomic Innervation. Pseudorabies virus was injected into mouse or rat distal femoral metaphyses. Progression of immunoreactive pseudorabies virus was detected as described previously (24) .
Heart Function. Heart rate was determined in WT and hIL1raAst +/+ before and 30 min after intraperitoneal propranolol administration.
Immunohisto-and Cytochemistry. Decalcified femoral sections and culture dishes were reacted with anti-VAChT (Abcam), anti-α 2 nAChR (Santa Cruz), and anti-β 2 nAChR (Santa Cruz) antibodies. Sections were further processed using the SuperPicture Polymer detection Kit (Zymed Laboratories). Cultures were further reacted with anti-mouse Cy-3 conjugated antibody (Chemicon International), fluorescein-labeled phalloidin (Sigma-Aldrich) and DAPI (48) (Sigma-Aldrich).
mRNA Determination. Primer sets for semiquantitative and quantitative RT-PCR are reported in Table S3 .
ACh Determination. ACh was extracted from freshly frozen distal femoral metaphyses. Its levels were measured using HPLC/MS/MS spectrometry (49).
In Vivo Skeletal Phenotyping. Histomorphometry and qualitative/quantitative μCT analyses were carried out as reported previously (23) .
Bone Cell Cultures. Mouse bone marrow-derived ex vivo osteoclastogenic and primary newborn calvarial osteoblast cultures were as reported recently (50) . Nicotinic receptor ligands were added together with macrophage colonystimulating factor and RANKL. Pit formation was determined in cultures incubated on bovine dentin slices (30) . Caspase-3 activity was measured using the CaspACE Assay System (Promega; catalog no. G7220) according to manufacturer instructions and expressed as release of p-nitroaniline per microgram of protein per hour.
Serum Markers of Bone Remodeling. Blood was collected retro-orbitally at the time of killing. Serum osteocalcin was determined using a two-site EIA kit (Biomedical Technologies). Mouse serum CTX was measured in the same specimens using an EIA kit (Wuhan EIAab Sciences). . Model of autonomic regulation of bone mass accrual. Skeletal sympathetic tone, which inhibits bone formation and stimulates bone resorption, is centrally regulated by leptin, serotonin, and acetylcholine (19) . It is antagonized by parasympathetic activity controlled by brain IL-1 signaling and results in enhanced bone formation and restrained bone resorption.
